The objective of this experiment was to measure the apparent total tract digestibility (ATTD) and the retention rate of Zn, Cu, Mn, and Fe in pigs fed either inorganic or organic sources of Zn, Cu, Mn, and Fe. The experimental design was a randomized complete block design with a 2 × 3 factorial arrangement of treatments. There were 2 types of diets (corn grits-based or corn-soybean meal [SBM]-based diets) and 3 micromineral treatments (basal micromineral premix [BMM], inorganic micromineral premix [IMM], and organic micromineral premix [OMM]). The BMM contained no added Zn, Cu, Mn, or Fe; the IMM microminerals were provided as sulfates of Zn, Cu, Mn, and Fe at 40, 50, 20, and 100 mg/kg, respectively. The OMM contained the same levels of the 4 microminerals as IMM, but Zn, Cu, Mn, and Fe in this premix were provided by Zn(2-hydroxy-4-methylthio butanoic acid [HMTBa]) 2, Cu(HMTBa) 2 , Mn(HMTBa) 2 , and FeGly, respectively. Forty-eight barrows (initial BW: 31.1 ± 4.2 kg) were housed individually and allowed ad libitum access to the corn grits diet with BMM for 2 wk. All pigs were then moved to metabolism cages and randomly assigned to 1 of the 6 treatment diets with 8 replicates per diet.
INTRODUCTION
Supplementation of microminerals to swine diets in concentrations at the requirements is crucial for animal growth, reproduction, and immune system development and as a defense against oxidative stress and cell damage (Underwood and Suttle, 1999; NRC, 2012) . However, supplemented levels often exceed requirements, which results in elevated excretions of minerals (Carlson et al., 1999; Hill et al., 2000) . Therefore, diets formulated with concentrations of microminerals that meet, but not exceed, requirements may result in reduced mineral excretion from pigs and more economical feeding strategies.
Use of organic instead of inorganic microminerals may also reduce excretion of minerals from pigs (Veum et al., 2004; Burkett et al., 2009; Jolliff and Mahan, 2012) . Usually, Zn, Cu, Mn, and Fe are included in pig diets using inorganic salts such as oxides or sulfates. However, one theory is that the low gastric pH may induce dissociation of micromineral salts, resulting in formation of antagonisms among microminerals or between microminerals and phytic acid, which may impair mineral absorption and bioavailability (Henderson et al., 1995; Sandström, 2001; Richards et al., 2010) . Organic microminerals may, therefore, be more bioavailable than inorganic minerals when fed to pigs or poultry (Yu et al., 2000; Leeson, 2003; Creech et al., 2004) . However, the apparent total tract digestibility (ATTD) and retention rates of inorganic versus organic microminerals have not been evaluated when they were fed to growing pigs at the same concentrations.
Therefore, the objective of this experiment was to test the hypothesis that organic microminerals (2-hydroxy-4-methylthio butanoic acid [HMTBa] or Gly forms) have greater ATTD and retention rates than inorganic microminerals (sulfate form) when added to diets fed to growing pigs. The second objective was to test the hypothesis that microminerals have less ATTD if added to traditional corn-soybean meal (SBM) diets than to low-phytate corn grits diets.
MATERIALS AND METHODS

General
The Institutional Animal Care and Use Committee at the University of Illinois at Urbana-Champaign reviewed and approved the protocol for this experiment. Pigs used in this experiment were the offspring of G-Performer boars that were mated to Fertilis 25 females (Genetiporc Inc., Alexandria, MN).
The basal micromineral premix (BMM), the inorganic micromineral premix (IMM), and the organic micromineral premix (OMM) were provided by Novus International, Inc. (St. Charles, MO). The BMM included at 0.15% in the diets provided 0.3 mg of Na 2 SeO 3 and 0.27 mg of Ca(IO 3 ) 2 per kilogram of complete diet (Table 1 with 2 to 4 mm particle size and 99% purity whereas ferrous sulfate (FeSO 4 •H 2 O) was produced by QC Corporation (Baltimore, MD) with 149 μm to 1.19 mm particle size and minimal 30% iron. All the sulfate microminerals were feed grade.
Experimental Design and Diets
The experimental design was a randomized complete block design with a 2 × 3 factorial arrangement of treatments. There were 2 types of diets (corn grits-based diets and corn-SBM diets) and 3 micromineral treatments (no added Zn, Cu, Mn, or Fe [BMM] ; inorganic Zn, Cu, Mn, and Fe [IMM] ; and organic Zn, Cu, Mn, and Fe [OMM] ). A total of 48 barrows were used in this experiment and divided into 2 groups with 24 pigs in each group. Four pigs were fed each treatment diet in each group, and therefore, a total of 8 replicate pigs were fed each diet. Six diets were formulated (Table 2) . The 3 corn grits diets were based on corn grits, soy protein, sorghum, and corn oil, and the remaining 3 diets were based on corn and SBM. Within each type of diet, 1 diet contained the BMM that did not contain added Zn, Cu, Mn, or Fe; 1 diet contained the IMM that contained Zn, Cu, Mn, and Fe from inorganic sources; and the last diet contained the OMM that was fortified with organic sources of Zn, Cu, Mn, and Fe. Vitamins and all minerals other than Zn, Cu, Mn, and Fe were included in the diets according to current requirements (NRC, 2012) , and the same levels of vitamins and minerals other than Zn, Cu, Mn, and Fe were used in all diets. Diet samples were collected for chemical analysis when they were prepared.
Housing, Feeding, and Sampling Collection
During a 2-wk depletion period, all pigs (initial BW: 31.1 ± 4.2 kg) were housed individually in 0.9 by 1.8 m pens that had fully slatted concrete floors, a stainless steel feeder, and a stainless steel bowl-type drinker. All pigs were fed the corn grits diet containing BMM during this period. Pigs were then transferred to metabolism cages and randomly allotted to the 6 experimental diets. The average weight of the pigs at the time of transfer was 40.2 ± 6.2 kg. The stainless steel metabolism cages were equipped with a fully perforated floor, a screen floor for fecal collection, and a stainless steel tray for urine collection. The quantity of feed provided per pig daily was calculated as 3 times the estimated requirement for maintenance energy (i.e., 106 kcal ME per kg 0.75 ; NRC, 1998) and divided into 2 equal meals. Water was provided by a bowl-type drinker and available at all times. Experimental diets were provided for 12 d. The initial 5 d was considered an adaptation period to the diet. Fecal markers were fed on d 6 and on d 11 and fecal collections were initiated when the first marker appeared in the feces and ceased when the second marker appeared (Adeola, 2001) . Urine was collected from d 6 to 11 in urine buckets over a preservative of 50 mL of 6 N HCl. Buckets were covered by gauze to prevent solids from contaminating the urine. Fecal samples and 20% of the collected urine were stored at -20°C immediately after collection.
Sample Analysis and Data Processing
Pigs remained healthy throughout the experiment, and the average BW was 47.5 ± 6.2 kg at the conclusion of the experiment. Urine samples were thawed and mixed within animal, and a 200-mL subsample was collected for chemical analysis. All collected fecal samples were dried at 65°C in a forced-air drying oven and finely ground through a 1-mm screen in a Wiley Mill (Model 4; Thomas Scientific, Swedesboro, NJ) before analysis, and urine samples were filtered before analysis. Diet and fecal samples were analyzed in duplicate for DM by oven drying at 135°C for 2 h (method 930.05; AOAC, 2007) . Diets were analyzed in duplicate for ash (method 942.05; AOAC, 2007) , CP (method 990.03; AOAC, 2007) , and crude fiber (method 978.10; AOAC, 2007) . Acid hydrolyzed ether extract in diets was determined by acid hydrolysis using 3 N HCl (Sanderson, 1986) followed by crude fat extraction using petroleum ether (method 2003.06; AOAC, 2007 ) on a Soxtec 2050 automated analyzer (FOSS North America, Eden Prairie, MN). Diets were also analyzed in duplicate for phytic acid (Ellis and Morris, 1983) , and the concentration of phytate P in each diet was calculated as 28.2% of phytate , and nonphytate P was calculated as the difference between the concentration of total P and phytate P. Diet, fecal, and urine samples were analyzed in duplicate for Fe (method 937.03; AOAC, 2007) and for Zn, Cu, Mn, Ca, and P by inductively coupled plasma optical emissions spectrometry using an internally validated method 1 Six diets were formulated by adding the basal micromineral premix (BMM), the inorganic micromineral premix (IMM), or the organic micromineral premix (OMM) to the corn grits diet and the corn-soybean meal diet.
2 MHA is a methionine source from Novus International, Inc., St. Charles, MO. The ATTD (%) of DM, Zn, Cu, Mn, Fe, Ca, and P in each diet were calculated according to the following equation (Almeida and Stein, 2010) :
The retention (%) of Zn, Cu, Mn, Fe, Ca, and P were calculated using the following equation (Almeida and Stein, 2010) :
Normality of data was verified and outliers were identified using the UNIVARIATE procedure (SAS Inst. Inc., Cary, NC); outliers were identified as values that deviated from the treatment mean by more than 3 times the interquartile range. Data were analyzed by ANOVA using Proc Mixed of SAS (SAS Stat. Inc., Cary, NC) as a randomized complete block design with the pig as the experimental unit. The statistical model included type of diet, source of microminerals, and their interaction as fixed effects and group as random effect. Treatment means were calculated using the LSMEANS statement and means were separated using the PDIFF option of PROC MIXED. Significance and tendency were considered at P < 0.05 and 0.05 ≤ P < 0.10, respectively.
RESULTS
The concentrations of Zn, Cu, Mn, and Fe in the BMM corn grits diet were 10.23, 3.88, 10.55, and 97 mg/ kg, whereas the concentrations of Zn, Cu, Mn, and Fe in the BMM corn-SBM diet were 19.84, 4.21, 12.73, and 103 mg/kg, respectively (Table 3) . The IMM and OMM diets contained 44.34 to 60.24 mg/kg of Zn, 59.89 to 64.31 mg/kg of Cu, 27.77 to 32.77 mg/kg of Mn, and 187 to 207 mg/kg of Fe, respectively. The Ca concentrations in the 3 corn grits diets were 0.55 to 0.56%, compared with 0.61% in the 3 corn-SBM diets. The 3 corn grits diets contained 0.41 to 0.48% phytic acid and 0.52 to 0.56% crude fiber, and the 3 corn-SBM diets contained 0.79 to 0.87% phytic acid and 1.92 to 2.07% crude fiber. The concentration of Cu was undetectable in drinking water, whereas the concentration of Zn, Mn, and Fe was 0.4 mg/kg in the water (data not shown).
Compared with pigs fed corn grits diets, pigs fed corn-SBM diets had greater (diet, P < 0.05) fecal excretion, but less (diet, P < 0.05) ATTD of DM (Table 4) . However, there was no effect of source of microminerals on fecal excretion or ATTD of DM and no interactions between source of minerals and type of diets were observed.
Compared with corn grits diets, pigs fed corn-SBM diets had greater (diet, P < 0.05) fecal excretion of Zn, Cu, Mn, and Fe and greater (diet, P < 0.05) absorption and retention of Zn, Cu, and Mn, but less (diet, P < 0.05) ATTD of Zn and Cu. Compared with corn grits diets, pigs fed corn-SBM diets had greater (diet, P < 0.05) retention:absorption ratio of Mn. Compared with BMM, supplementation with OMM or IMM increased (mineral, P < 0.05) absorption, retention, ATTD, and retention rate of Zn, Cu, Mn, and Fe and increased (mineral, P < 0.05) retention:absorption ratio of Zn and Cu. Compared with IMM diets, pigs fed OMM diets had greater (mineral, P < 0.05) absorption, retention, and ATTD of Zn, Cu, Mn and absorption and retention of Fe. Interactions be- 1 All values were analyzed except phytate P, which was calculated as 28.2% of phytic acid , and nonphytate P, which was calculated as the difference between phytate P and total P.
2 BMM = basal micromineral premix (without supplementation of Zn, Cu, Mn, or Fe).
3 IMM = inorganic micromineral premix (with supplemented Zn, Cu, Mn, and Fe as sulfate salts).
4 OMM = organic micromineral premix (with supplemented Zn(2-hydroxy-4-methylthio butanoic acid [HMTBa]) 2 , Cu(HMTBa) 2 , Mn(HMTBa) 2 , and FeGly).
5 AEE = acid hydrolyzed ether extract.
tween type of diet and source of minerals were observed for the absorption and retention of Cu and Mn and the ATTD of Cu, because supplementation with OMM increased the absorption and retention of Cu and Mn and the ATTD of Cu compared with IMM in the corn-SBM diet, but not in the corn grits diet (interaction, P < 0.05). Supplementation with OMM to the corn-SBM diet reduced (P < 0.05) fecal excretion of Cu, Mn, and Fe, but increased (P < 0.05) absorption, retention, and ATTD of Zn, Cu, Mn, and Fe. However, no differences were observed between IMM and OMM when they were added to the corn grits diet, except that OMM increased (P < 0.05) absorption of Zn compared with IMM.
Pigs fed corn-SBM diets had greater (diet, P < 0.05) fecal excretion, absorption, and retention of Ca and P, but less (diet, P < 0.05) ATTD of Ca and P compared with pigs fed corn grits diets (Table 5 ). Compared with BMM, feeding IMM or OMM reduced (P < 0.05) fecal a-e Within a row, means followed by the same or no superscript letter are not different (P > 0.05).
Ca and P excretion, but increased (mineral, P < 0.05) absorption, retention, ATTD, and retention rate of Ca and P. Compared with IMM, feeding OMM increased (mineral, P < 0.05) ATTD and retention of P. Adding OMM to the corn-SBM diet reduced (P < 0.05) fecal P excretion, but increased (P < 0.05) absorption, retention, ATTD, and retention rate of P compared with addition of IMM to the corn-SBM diet, but that was not the case when OMM was added to the corn grits diets.
DISCUSSION
The BMM diets without micromineral supplementation contained much less Zn compared with the requirement of pigs (NRC, 2012) . However, the analyzed concentrations of Cu, Fe, and Mn in all diets were equal to or greater than the requirement for growing pigs (4 mg/ kg of Cu, 60 mg/kg of Fe, and 2 mg/kg of Mn; NRC, 2012). The concentrations of Cu and Mn in the IMM and OMM diets were greater than requirements (NRC, 2012) , which enabled us to determine ATTD of these minerals. As a result, the ratios between Zn, Cu, Fe, and Mn were also different from requirement estimates, but reflect current industry usage of these minerals.
The improved absorption of Zn that was observed for Zn(HMTBa) 2 compared with ZnSO 4 resulted in increased ATTD of Zn in the pigs fed corn-SBM diets. These results are consistent with data by Burkett et al. (2009) , who also reported a greater ATTD for Zn chelated with small peptides compared with ZnO and ZnSO 4 . A possible reason for this observation is that Zn(HMTBa) 2 is more stable in the upper gastrointestinal tract, which may minimize the formation of the complex between Zn and phytic acid and allow Zn(HMTBa) 2 to be delivered to the absorptive cells in the jejunum and ileum and, therefore, increase Zn absorption (Leeson and Summers, 2001; Yi et al., 2007; Richards et al., 2010) . The observation that no differences were observed in the absorption and ATTD of Zn between Zn(HMTBa) 2 and ZnSO 4 if pigs were fed the low-phytate corn grits diets further indicates that it may be the phytate in the corn-SBM diet that results in the reduced absorption of Zn from ZnSO 4 .
The observation that supplementation with Cu(HMTBa) 2 to corn-SBM diets decreased fecal Cu excretion and increased Cu absorption, retention, and ATTD compared with supplementation with CuSO 4 is in agreement with results of previous studies (Creech et al., 2004; Veum et al., 2004; Huang et al., 2010) . The increased ATTD of Cu(HMTBa) 2 compared with CuSO 4 is the main reason for the reduced fecal Cu concentration in pigs fed diets supplemented with Cu(HMTBa) 2 . The fact that there was no difference in ATTD of Cu between organic and inorganic forms of Cu added to the corn grits diets indicates that if there is limited levels of phytic acid in the diet, Cu from CuSO 4 is as well digested as Cu from Cu(HMTBa) 2 . The low pH in the stomach may result in low ATTD of Cu from CuSO 4 (Underwood and Suttle, 1999; Leeson and Summers, 2001; Suttle, 2010) , and the current data indicate that this may also be the case for the Cu from Cu(HMTBa) 2 . The likely reason for the reduced Table 5 . Retention and digestibility of Ca and P in pigs fed diets containing the basal micromineral premix (BMM), the inorganic micromineral premix (IMM), or the organic micromineral premix (OMM), DM basis ATTD of CuSO 4 in corn-SBM diets compared with Cu(HMTBa) 2 is that the phytic acid in the corn-SBM diet may have formed complexes with CuSO 4 , which rendered this Cu unavailable for absorption (Leeson and Summers, 2001) . The ATTD of Cu is increased by phytase supplementation, which further indicates the negative effect of phytic acid on the digestibility of Cu (Kies et al., 2005 (Kies et al., , 2006 . However, using Cu(HMTBa) 2 instead of CuSO 4 may reduce the formation of phytate mineral complexes and, therefore, decrease fecal Cu excretion and increase Cu absorption and digestibility (Jolliff and Mahan, 2012) . The present results support this hypothesis.
There is no perfect method to measure absorption and digestion of microminerals due to the complexity of endogenous micromineral excretion in animals. In the present experiment, the BMM diets contained Zn and Cu, which were close to or less than the requirement for growing pigs (NRC, 2012) . Therefore, the negative retention:absorption of Zn and Cu observed in the corn grits diet without supplementation of Zn indicates that the BMM diet was Zn and Cu deficient and endogenous Zn and Cu may have been secreted into the intestinal tract via pancreatic juice, bile, or the transepithelial flux from mucosal cells (Hambridge et al., 1986) .
The reduced fecal Mn excretion and greater absorption, retention, and ATTD of Mn for pigs fed the corn-SBM diet supplemented with Mn(HMTBa) 2 compared with pigs fed the corn-SBM diet supplemented with MnSO 4 are consistent with previous data (Creech et al., 2004) . However, these differences were not observed in the corn grits diets, which indicates that the reason for the difference in ATTD of Mn in the corn-SBM diet may be that MnSO 4 binds more easily than Mn(HMTBa) 2 to phytic acid, which results in a reduced digestibility. Supplementation of Mn(HMTBa) 2 reduces the formation of complex between Mn and phytic acid and, therefore, reduces the negative effects of phytic acid on the ATTD of Mn (Kies et al., 2005 (Kies et al., , 2006 .
Iron balance is generally maintained by regulation of absorption in the upper small intestine and most of the Fe in the feces represents unabsorbed dietary Fe (IOM, 2001) . The reason pigs fed the diets containing FeGly had greater retention of Fe than pigs fed FeSO 4 is that FeGly is better digested and absorbed by the pigs compared with FeSO 4 . These results are in close agreement with data from Burkett et al. (2009) , who reported that fecal Fe excretion is reduced if pigs are fed peptide-chelated Fe compared with pigs fed FeSO 4 . Iron glycinate also has a greater ATTD of Fe than Fe from FeSO 4 when fed to weanling pigs (Ettle et al., 2008) . Iron from a Fe-AA complex has also improved absorption from the duodenum compared with FeSO 4 (Yu et al., 2000) . As was the case with Cu and Mn, the difference between organic and inorganic microminerals was reduced when they were added to the corn grits diet compared with the corn-SBM diet, presumably because of the reduced levels of phytic acid in the corn grits diets. This observation indicates that supplementation of FeGly can reduce the formation of complexes between Fe and phytic acid and, therefore, alleviate the negative effects of phytic acid in the corn-SBM diets on ATTD and absorption of Fe. Copper is required for the efficient absorption of Fe (Reeves et al., 2005) and the observation that pigs fed the BMM corn grits diet had less ATTD and retention rate of Fe compared with pigs fed the IMM and OMM corn grits diets indicates that low level of Cu may reduce Fe absorption and digestibility.
The fact that the retention:absorption ratio was not different between organic and inorganic sources of Zn, Cu, Mn, and Fe indicates that the organic forms of the minerals that were used in this experiment are utilized after absorption with the same efficiency as inorganic forms of these minerals. The implication of this observation is that the increased retention that was observed for the organic minerals compared with the inorganic minerals is a result of increased digestibility of the organic minerals, whereas postabsorptive utilization is not different between the 2 sources. This also indicates that the forms the minerals are absorbed in most likely are the same regardless of the sources, which further indicates that HMTBa and Gly are separated from the minerals before absorption. The fact that the ATTD of the microminerals is not greater when intake is reduced clearly indicated that the concentration of the mineral in the intestinal tract does not significantly influence percent absorption and, therefore, also not influence percent excretion. This is true for all microminerals as well as for Ca and P.
The absorption, retention, and digestibility of Ca were not affected by organic or inorganic sources of microminerals, which indicate that the different forms of microminerals have no influence on Ca digestibility. However, the concentrations of microminerals in the diets may affect the retention and digestibility of Ca. In the present study, the ATTD of Ca in the corn-SBM diets supplemented with OMM or IMM were between 62 and 70%, which are in good agreement with values reported by Stein et al. (2008) and Almeida and Stein (2010) , but the ATTD of Ca in the corn-SBM diet without micromineral supplementation was only 56.8%. The low levels of Cu and Zn in these diets may have impaired the efficiency of Ca absorption in the corn-SBM diet (Dove, 1995) . Compared with corn-SBM diets, the increased Ca retention and ATTD in pigs fed corn grits diets also indicates that feeding low-phytic acid diets may increase the efficiency of Ca absorption, which agree with data from Spencer et al. (2000) , Veum et al. (2001) , and Bohlke et al. (2005) .
The ATTD of P in the corn-SBM diets observed in this experiment is in agreement with published values (Stein et al., 2008) . The decreased fecal P excretion and increased P absorption and digestibility that was observed as OMM was added to the corn-SBM diet indicate that supplementation with OMM may improve the efficiency of P absorption. The likely reason for this observation is that OMM may reduce the formation of complexes between P and other minerals, such as Zn and Ca, and, therefore, increase P absorption in the small intestine. Another possible reason is that the HMTBa released from the organic minerals may increase phytate P utilization as reported by Liem et al. (2008) , although the mechanism is not clear. Compared with corn-SBM diets, the increased ATTD of P in the corn grits diets is mainly due to the reduced level of phytic acid in these diets.
In conclusion, organic forms of microminerals (Zn(HMTBa) 2 , Cu(HMTBa) 2 , Mn(HMTBa) 2 , and FeGly) have improved digestibility and retention rates compared with Zn, Cu, Mn, and Fe in the form of sulfate salts when fed to growing pigs. This is particularly true if these organic microminerals are added to corn-SBM diets. Supplementation of diets with these organic microminerals also increased the digestibility of P in the corn-SBM diet but not the digestibility of Ca. Adding Zn(HMTBa) 2 , Cu(HMTBa) 2 , Mn(HMTBa) 2 , and FeGly to pig diets may reduce fecal excretion of these microminerals and P compared with pig fed diets containing inorganic minerals. Inclusion of these organic microminerals in high-phytate diets may be more beneficial than in low-phytate diets.
